In this paper, a multiverse optimized (MVO) fuzzy PID controller with a derivative filter (fuzzy-PIDF) is proposed for the load frequency control (LFC) of a two-area multisource hydrothermal power system. The superiority of the MVO algorithm is demonstrated by comparing the system LFC performance with integral and fuzzy-PIDF controllers, both optimized using MVO, as well as some of the recent heuristic optimization techniques such as the ant lion optimizer, gray wolf optimizer, differential evolution, bacterial foraging optimization algorithm, and particle swarm optimization.
Introduction
The prime objective of load frequency control (LFC) is to regulate the generation vis-à-vis load so as to maintain balance, which minimizes the frequency deviation and helps regulate tie-line power flows. In a multiarea power system, LFC controls the active power generation of the generators in each area as per variations in the load. The area control error (ACE) is taken as the input to the controller that tries to bring the ACE to zero, which means both frequency and tie-line power errors will reduce to zero [1] [2] [3] . A very elaborate and thorough review of the literature on LFC is presented in [1] , which may be referred to for further understanding.
Over the years, LFC has been established to be a very effective scheme in regulating the frequency in a power system to ensure reliable and quality electrical power to consumers [4] . The design of the LFC scheme has always been one of the major issues in electrical power system studies and is becoming all the more critical in recent years with the growing size, complexity, and varying structure of the interconnected power system. In the past decades, several LFC approaches were proposed for improved performance in respect to the stability, optimality, and robustness of power systems [5] [6] [7] .
Most of the LFC studies in the past decades have used classical control concepts; however, those * Correspondence: amitkumar357@gmail.com techniques have some limitations, especially when power system models are considered with nonlinearities [8] . Two fuzzy rules for integral and proportional gains of the PID controller [9] , genetic algorithm (GA) [10] , particle swarm optimization (PSO) [11] , bacterial foraging (BF) optimization algorithm [12] , differential evolution (DE) [13] , hybrid gravitational and pattern search algorithms [14] , firefly algorithm [15] , teachinglearning-based optimization [16] , hybrid LUS-TLIB optimized fuzzy-PID controller [17] , gray wolf optimizer (GWO) [18] , and ant lion optimizer (ALO) [19] are some of the many control and optimization methodologies that have been proposed for LFC studies of multiarea power systems. Recently, inspired by the Big Bang theory, another powerful optimization technique, called the multiverse optimization (MVO) technique, was developed by Mirjalili et al. [20] , in which the authors demonstrated the advantages of MVO over GWO, PSO, GA, and the gravitational search algorithm. It has been observed that the same has not yet been applied in LFC for the optimization of variables. Another new algorithm, called the dragonfly algorithm (DA), has been proposed [21] but has not yet been applied for optimization in LFC studies.
The multiarea power system structure is nonlinear in nature; therefore, classical controllers, optimized at a particular operating condition, do not do well under changing operating conditions [22] . In such situations, intelligent controllers have been proposed that are reported to provide optimal performance under changing operating conditions by updating the controller parameters [23, 24] as needed. Fuzzy logic control is one of the main constituent methodologies of intelligent control that has been successfully applied to LFC applications. However, the optimal choice of parameters such as inputs, scaling factors, membership functions, and the rule base of the fuzzy controller is of paramount importance and critical.
In view of the above discussion, this paper proposes the application of the MVO algorithm for optimal tuning of I/PI/PIDF/Fuzzy-PIDF controllers for LFC of a multisource hydrothermal power system. Sensitivity analysis of the system has also been studied with regard to wide variations in system parameters and loading patterns. Simulation results and analysis are presented to show the effectiveness of the MVO algorithm for LFC studies under different operating conditions.
System description
The two-area interconnected multisource hydrothermal power system whose transfer function model is shown in Figure 1 is considered for the LFC study, in which I, PI, PIDF, and fuzzy-PIDF are the secondary controllers implemented. Nominal parameters of the system are given in the Appendix. System dynamics are investigated under 1.5% step load perturbation in area 1. The controller gains are optimized using the MVO technique. Integral time absolute error (ITAE), given by Eq. (1), is the cost function used for optimization because it reduces both settling time and peak undershoot/overshoot [23] :
Control structures and optimization methodologies
The control structures and the optimization algorithm implemented in this work are discussed under the following subheadings.
Control structures
The PIDF and fuzzy-PIDF control structures are implemented in this work along with the conventional I and PI for comparison purposes. The gain parameters of these controllers are optimally tuned using MVO. In a steady state, fuzzy-PI type control is known to be more practical than the fuzzy-PD type, whereas, in a transient state, fuzzy-PD type control is a better option if the controllers are to be individually used. However, the fuzzy-PIDF type control results in enhancement of the performance as compared to the individual fuzzy-PI or fuzzy-PD type control [25, 26] . The application of fuzzy logic, in general, to the design of fuzzy-PIDF can be classified into two broad categories as per their construction:
1. The gains of the fuzzy-PIDF are tuned online utilizing the knowledge base and fuzzy inference mechanism, and the controller then generates the control signal [27] .
2. A typical fuzzy logic controller (FLC) is constructed as a set of heuristic control rules, and the control signal is directly deduced from the knowledge base and the fuzzy inference mechanism as is done in the McVicar-Whelanor diagonal rule base generation approaches [28] .
The controllers in the second category are referred to as PID type FLCs because their structures are analogous to that of the PID controller with a derivative filter from the input-output relationship point of view.
In the present work, the structure of the proposed fuzzy-PIDF controller is as shown in Figure 2 . The structure of the fuzzy-PIDF controller, as shown in Figure 2 , is conceptually based on the working of the fuzzy PI and fuzzy PD controllers [22] , where K 1 and K 2 are the input scaling factors of the FLC. As can be seen in Figure 2 , the FLC output U is obtained, having been processed through K P , K I , K D , and the derivative filter coefficient N, as given by: 
where u is the output of the FLC. As shown in [29] , for the fuzzy controllers with a product-sum inference mechanism, the center of gravity defuzzification method, the use of triangular membership functions for the inputs and a crisp output, and the relation between the input and the output variables of the FLC can be described as:
where K 1 and K 2 are the scaling factors of e andė , respectively. Therefore, from Eqs. (2) and (3), the controller output is obtained as:
The design parameters
and N are optimally tuned using MVO. Figure 2 and Eqs. (2) and (3) clearly show the relationships between the input and output variables of the controller. Triangular membership functions have been considered to represent the input linguistic variables ACE, the derivative of ACE, and the FLC output variable U. Each linguistic variable consists of five linguistic terms, namely negative large (NL), negative small (NS), zero (ZZ), positive small (PS), and positive large (PL), as shown in Figure 3 . The Mamdani fuzzy inference mechanism with a center of gravity method of defuzzification is selected. The appropriate fuzzy rule base is shown in Table 1 , accurately representing the relationship between two inputs and one output. Table 1 . Fuzzy rule base.
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Multiverse optimization algorithm
The MVO algorithm was proposed by Mirjalili et al. [16] and was demonstrated to be very effective. Inspired by its reported effectiveness for optimization, this study used the MVO algorithm for optimal tuning of the parameters of the controllers implemented for the LFC study of the power system considered. The MVO algorithm is an iterative optimization algorithm based on three phenomena observed in cosmology, namely white holes, black holes, and worm holes, with these phenomena being mathematically modeled to perform exploration, exploitation, and local search, respectively. Important parameters involved in the iterative process are the dimension of the system (the number of variables of interest and the range of these variables) and the number of the universe (the search agents). A detailed description of the algorithm can be referred to in [16] .
Results and discussion
The model of the system under study ( The optimization algorithms are implemented through MATLAB programs (.mfiles). In the implementation of the MVO algorithm, the number of universes was taken as 50, the number of iterations as 50, the minimum worm hole existence probability as 0.2, the maximum worm hole existence probability as 1, and the iteration time counter as 1. In the present work, scaling factors, controller gains, and derivative filter coefficients are chosen in the ranges of [0-1], [0-2] and , respectively. A 1.5% step load change is considered in area 1. The fuzzy PIDF controller optimized by the MVO algorithm constitutes the proposed novel control strategy implemented along with the others.
Comparative performance analysis of the MVO algorithm
The LFC performance of the system in Figure 1 , in terms of frequency and tie-line power deviations, is investigated with the integral controller and also with the proposed fuzzy-PIDF controller, whose gains are optimized by the MVO algorithm and for comparison purposes by other algorithms, namely PSO, BF, DE, GWO, and ALO, respectively. The optimization process was repeated 30 times for all of the algorithms.
Dynamic response with all of these algorithms is shown in Figures 4-6 for the integral controller and Figure  7 for the fuzzy-PIDF controller. For quantitative comparative analysis, the values of different performance parameters are presented in Tables 2 and 3 for the integral controller and the proposed fuzzy-PIDF controller, respectively. From Figures 4-7 and Tables 2 and 3 , it is clearly evident that the MVO algorithm provides the best results compared to all other algorithms, both with the integral controller and the proposed fuzzy-PIDF controller.
Comparative performance analysis of the proposed fuzzy-PIDF controller
In this case, the I/PI/PIDF/fuzzy-PIDF controllers, optimized by the MVO algorithm, are implemented for each source in both areas, and the LFC performance is investigated under the impact of a step load change of 1.5% in area 1 at t = 0 s for the system in Figure 1 . The comparative performance is depicted in Figures  8-10 in terms of deviations of frequency in both areas and tie-line power. Comparative analysis is presented quantitatively in Table 4 , with respect to standard performance measures such as settling times with a 2% tolerance band, maximum overshoot, and minimum values of the cost function (ITAE).
It is established that in the study of LFC maximum overshoot is more significant than settling time. From the comparison of results (Figures 8-10 and Table 4 ), it can be deduced that the PIDF is very effective in successfully improving the performance compared to the conventional I and PI controllers. However, the fuzzy-PIDF controller improves LFC performance further and outperforms all other controllers implemented in this work as is visible in the dynamic response of area frequencies and tie-line power exchanges.
Sensitivity analysis against parameter variations and random load changes
Sensitivity analysis is performed to assess the effectiveness of the proposed MVO-tuned fuzzy-PIDF control scheme. Figure 11 shows the responses of frequency deviation of area 1 with ± 10% variation in all time constants of the system, while leaving the optimum values of the fuzzy-PIDF controller gains unchanged. It is clear that the proposed control scheme provides a robust and stable control operation over a wide range of system parameters without the need to change the optimal values of the controller gains. Furthermore, to investigate the effectiveness of the proposed control scheme against random load disturbances, the random step load pattern, as shown in Figure 12 , is applied to area 1 of the power system. The step load is random both in magnitude and time scales. For comparison, the results of the proposed fuzzy-PIDF controller are compared to that of a PIDF controller with gains of both controllers optimized through MVO. It can be seen from Figure 13 that the proposed controller is robust and gives satisfactory performance under random load disturbances. It is also evident that, compared to the PIDF controller, the proposed controller results in a better transient response.
Conclusion
In this paper, the MVO algorithm is used to optimize the gains of a fuzzy-PIDF controller proposed for the LFC problem of a two-area interconnected multisource hydrothermal power system. The power system is investigated under different operating conditions categorized as three different cases. The performance of the MVO algorithm is compared to other optimization algorithms (PSO, BF, DE, GWO, and ALO), considering the optimal tuning of the integral controller and the proposed fuzzy-PIDF controller for the LFC of the power system investigated. It is observed that with both controllers the performance of the MVO algorithm was superior. Having established the superiority of the MVO algorithm, the proposed fuzzy-PIDF controller is optimally tuned by the MVO algorithm, and the results are compared with MVO-tuned I/PI/PIDF controllers for the LFC of the power system. It is proved that the MVO-tuned fuzzy-PIDF controller outperforms other controllers in terms of undershoot, overshoot, and settling time. In addition, sensitivity analysis is carried out with respect to wide variations in system parameters and against random step load perturbations. It is observed that the proposed MVO-tuned fuzzy-PIDF controller is robust and performs well in different situations.
